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A SUII~IIIaIj  of ‘1’hcrmRl  Annlysi\ SuplKH t to tlw Gzrliieo 1 li~h
(;ain Antenna l)cploymcnt Anonlaly  Rwovwy  ltffor(

G. ‘l’suyuki” aid R. Rccw’”

Jet Ihopulsic)ll  1.aboratol y

CalifoI[}ia  lristitulc of ‘1’cdmo]crp,y
Pasa(iclla, Califo)]lia 91109

fftsst ract

II] April of 1991, lIw Galilee) s~)ac.cclaf( cxccu(ed a SCCIUCIICC
of conllnands to unful] its ut[lbrclla-]ikc high gain aldcntla.

Afkv analysis of f(iphl tclemtly and F,1ou11cI  Ie.stinp,  of the

s]m[c alltcl)lla, ildicatio]ls  wclc tha t  tllrcc 01 foul of t~IC

CiF,hlC.Ct] WIOWM ribs wrc stuck in thCil Stcnvcct ]msitiwl,

“1’lw ])1 itnai y tlwmy was tl)at a wry higl) c.cwfficic.nt Of

fl ictirm existed between the mid-rib restraint pins ald tbcii
rcccptaclcs along, tlte ammna’s  cc]lt~al towcI. ‘1’lw  coulsc

of ]-ccovcry actions included: cxtremlc cocdillp, of the

antclma  by tulllillg the spacecraft to sbadc the aute.mla flonl

the Suit, cyclic war”jninp,  and cooling of the almma, and

pulsinp,  tllc dcploymcllt motors to act as a mcchauical
hammer. ‘1’hc thwnal analysis support to the rcccwety

cffml was il]tcgral ill tc.tms of quantify illj?, tbc potc]]tial

c. ffcctivelless of tlic.r[l)ally-itlclt] ccd actiolm. ‘l’his paper will
sullllnarizc  the thcrlllal alialysis sup~mlt to t h e  e f f o r t s

awciated will)  the rcpcatcd p u l s i n g  o f  lhc dcploylllellt

Ilmtots anti warlllitlg and cooling of the alltcmla to cnhanc.c

tllet mally-illciuccd forces. ‘1’hc f o c u s  will be olt t}lc

antcma-relate.d elc]llcms,  tlmcforc 110 ill-deptl] discussion]

is prcsemtcd  fm the analysis of the csthcr spacecraf t

Collq)cmcllts.

Nonwlclat  ute

A[J Astrmm)liical  unit

CI<M (’c]ltlal  retcasc mechanism

Gr/} ip [haph  itc~cpoxy

IIGA lli~,h g,ain ahtcma

J}’] . Jet ]’lopulsion 1,aboratc)!y

1.CiA 1 mv ~ain almma

.
I’cc.hnicat (iroup  1,eader, h4ctribcr  AIAA

‘+ Technical (irottp  Supervisor

Multilaycr  il]sulation

Not a]q)licat)lc

l’lamla wave. scicllcc

Radio frcqucmy

Sjmcecl aft

Search coil prc-anl]l

Solar thct ]nal vacuulll

‘1’rackillg and l)ata Relay Satellite

7(inc orthotitana(e

~latdwalc  l)c.sclil)tic)ll

l’hc ll(iA was fab~icatcd by the IIar[ is Corporatiml  and it

i s  b a s e d  ol] the 1’DRS  antcma. ‘1’hc alltcnlia i s  a

Cassiglmian  systcrn w’itlt a p,old-p]ated  molyb(lclmln  wire

]nesh s(tctcbcd across ils eipjltcc[l (ir/Jil) ribs Icprescfltinp,
t h e  pnrabc)lic plinlaty  reftccto~ as slmvn  ill I{ip,. 1 .  A

schmllatic of the s!mvcd  al]te}]i)a  cross-section is depicted in
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J;ip,. 2. l’tw radonlc assmbly wllicll itlcludc$ t}Ic  a!l(erlna

subreflectot,  is ~mitimlcd ato[) a bc] ylliulll fccci [ 1 1 1 S S

assr]llb]y.  ‘1’hc PWS support structure and the 1 GA arc

seque.[llially  st ackcci above the radmnc. liacb of tbc ribs

I,ivots abcmt its ba$c. A  ballscrcw OJI tlw cctltcrlinc i s

ctrivcn by redundant motors, ald it raises a  earl icr ring,

a(taclmd to the bal]m]t. }12+ch rib is cor]tmctrd to ttlc carlic.1

rirlg, via a pushrort. A s  the carric.r  ]aiscs,  the ribs ale

nmnirlally  rota(cci into their fully dcplcrycd pmitim].  liach

rib is flll]lly sul)]lc~rleci during lauuch al its nlici-slmll and

tip.

:1’hcrfllal  Ilcsig,n  I)cscriJ]tiol[

I’hc p,culcrai  al)~m)ach elnpioycd  passive tcchl[iclucs  in order

to nlcc.t the tenqw.raturc  limits iiste{i in ‘1’able 1. Galileo

was iaulichcci in Cklobcl  1989 and wouici take a circuitous

+-T

route to Ju~~iter, i t s  ultinlatc clcstitmtim). “1’hc. cruise
‘oh ‘-y 1, -,.- w nmlwmn trajcciory io Jupiicr  is iiiustralcd in liig. 3. Shor(ly  a f t e r

‘%$y:;yuL’$fi R! launch, the S/C was hcacicd towar(i VeJIus fox tbc first of

S1OWEO  AMCM14A

lrig(lrc 2- Schmllatic of stoweci antenna

tlllcc pianetary gravity assists sit]cc tbc launch ellcrgy aicme

would  noi be sufficicmt  to rcacl  Jupiter. II] order to protect

the ~jatabolic rcilcctor  ftotn tim illtcllse solar ir]-aciiancc at

Vmlus  ( -2.2 equivaietit Suns), tlm antenna had re]nainccl
stcnvcci anti haci been protcclc{i  f[oln ciircct insolation by a

tiIj shacic. lc)catc.[i at the. hasc of the I GA while the S/C
rcmail[cd pointing tbc al]tcma trorcsigbt  at the. Sun. I[ach

of the Gr/Iip  ribs was wlappcci with M i J blankets as wcil

as the feed truss asse.r]ibly, Since tbc ra(ionlc hcmsc(i the

subtcflectcw,  Ml J blanketing, was not pcrinittcd  sillcc it
woui(i  sig,nificarltiy altcnuatc.  RII’ sip,[lals. ‘l’he. PWS support

stl ucturc was covcrcd  by a single layct of black Kapton.

‘t’hc t i p  sha(ic  Cculsistcci o f  a n  alulllinulu honcycon)h
st[uctulc  with s}mkcs  to suppor( the carbon-f liicd Kapton

shatic itself. l’hc bac.ksidc of tllc hc]]lcyc.olnb  stl ucturc was

covclc(i witl) 7.0’1’ white paint and aclcci as a radiator for

the at tachcd 1.(iA. “1’hc 1 GA v’as also i)ailitcci with 701’

white  paint  si]lcc it coulci not bc slladcd fronl the S u n .
Ilowcvcr,  the 1 GA base couici bc blat& ctcd, alvd this

biallkciillp,  was at[achcd to the tip slladc h o n e y c o m b

struclurc. Behild  the paraboiic rcflcctm,  a Iarg,c conicai

b u s  shacic protcctcd the I emain(icr  of tbc S / C  f r o m
insolation (see Fig. 4). ‘l’he (iepioymcnt  nmtors w e r e

co]ductivcly  couIIicci w i t h the. SK bus through tllc

attachment structure. ‘1’hrougb  n]issio]l  plarining, sufficient

opportunities were idelltifie(i to deploy tbc alltc.nna ribs
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‘1’nhlc  1 - Antenna flight allowable tcxlqwa[ures in 0(:
=..

l[CIII Opcr Non OjI
-. - -  . . -

Reflccto[  Ribs
Stowed -168/113 -168/113
I)cploycd -168/lo(l -16W1OO

].mv Gail] Antcuma -?00/ 1 (M -?00/104

X-llalld l;CCCI -92/6s .9~f~5

SIland }?ccd -156/8? -1 S6/82

I )cploymc.nt Motor -3s/44 -57/55

(:RM -101/93 NA

IKdlscrcsv,  Nut, &Bearing -29/6S -1’20/NA
. . ... .—.. —.. . .. —.—-. — .-.. -. .—. —

whcm the motors were within flight allow’atJlc tcl]~lJcIatllrcs

witlmul the use of at] electrical heater.

!)cl)loyltlcllt  Ano!naly

‘1’hcano][laly  ha$bcc.nwcll  chronicled by 0’Neil ct. al.12

ChlApril  11, 1991, tllc(ialilc.o  S/~cxcclltcda  seqllcl~ccof

commands to unfurl its umbrella-like IIGA.  I’hc initial

deploy  ]ncnt opportunity occmcd at a solar clistallcc of 1.32

AU, eight months prior to an aj)hclioll of 2.27 All  and

approxiniatc  lytvmlty  mo]lths prior toap,ravity-assist  from

tllc Itarth which would hurl the SK: towarcl  Jupi ter .

{:onfmlaticm  of dcploymnt was not r e c e i v e d . ArI

i[ivcstig,ation tc.alnwa$ assc.n]blcd todcle.rlt~in  clikclyfailurc

scenarios and to rcccmnmld  courses of recovery actions.

After intensive analysis of flight telemetry (attitude control

wobble, Sun g,atc obscuration, and dcploytnc.nt motor

cment), the tcan]poslulat edthat anul]dmrof  thcantc.nna’s

eighteen ribs were stuck in the fully smwcd position.

_-— —-.

\~:~,:E,.+.~ ;;::;cK:  BOdw.
= 30 days

‘ARRIVAL VENUS = 30 deys
DEC 7, 1995 JUPITER = 100 days

—....—— .- . . . .. ——.——-.————— ---- - -  —--  -  -  ---————— _ _  — . .  -.—

]+’igure  3- Cialilco trajectory to Jupiter
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Sutmcqurmt  ground tcsti]ig, of  the spare  antenna was

corrcla(cd to the flig,ht tclmnetry, and the team concluded

thal probably three or four ribs wm stuck in their stowed

positicm. lnvcstip,aticm  of the S/(: dcsip,n rcvcalcd that the

forces that could bc applied to the ante]ma  were limited to:

1) spinnin~ the S/(? faster to inmase centripctal  forms, 2)

stowing and redeploying a boom, 3) r-epc.ated pulsing of the

dcploymmt  motors to induce impulsive forces, 4) illdUCing

S/~ wobble, 5) firing thrusters, or 6) changing the S/C

attitude rr.lative. to the Sun to promote. thcmally-indrrced
forces. Iiffc]r{s  to free the antcr]na ribs solely employed

actions #1, #2, #3, aml #6.

I’hc leading theory that crncrgccl ccntcxcd on the mid-rib

rest raints which act as braces when t}lc ribs arc stowed.

Each rib is braced by a pair of “locating pins” that fit into

rcccptaclcs along the tower (SCC Fig. S). A spoke that is

located bciwccn the pins was tensioned to 85 lbs to firmly
hold each rib to the tower. l)uring  ground transportation,

the antenna was horizontally cantilevered frc)rn  its base, and

the prescnt]y  stuck ribs, which were nearest the vcrlic.al

plane, received the greatest vibration. Ir! turn, this caused

a loss of the dry lubricant and subsequent galling of the pin

-4-
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l~igurw6-  l)ostulatcd IIGAconflguration  v’it}lt}irecsl[]ck
ribs imnmlialcly  after deployment attenlpt

aid rccwptaclc  surfaces. WhcnthcS/~achicvcd  the hard

vacuum of space, a very large effective coefficient of

fIiction (-1.25  )dcvelopcdat  thcccmtac.t  strcsspoinls.  As

the ballsclew  rotation initiated during the initial deploymnt
opportunity, flight telemetry suggests t}~at son)c ncighbori]lg

and smnc o])posite ribs were held to the tower by the
friction force, thus preventing their pins from sliding off the

contact stress points. Deployment forces  bccamc  mom

collcentlatcd  in the stuck ribs as deploy nielit continued.
After onc ballscmv  turn, the opposite stuck ribs poppc.d

free and after three ballsc.rew turns, the. neighboring ribs

had been rele.ascd (Icaving  three ribs stuck as shown in Fig.

6). I;urlher baliscrcw rotation caused thcstuck  ribs tobc

bowed bythcbcndir]g]~]os]lc~~t  applieclat  theirbasebytbc

pushl-ods.  This causcd the pins to rotate downward, thus

increasing contact stress on the lower surface of the

rcccptaclcs. When the deployment nlotors  reached a full

stall conditiolt,  at least onc pin of each pair had driven itself

into the lower surface of its rcce.ptacle. ‘I%C stall occ.umd

duc to the bcndirrg moment on the ballscrcw resulting from

the asylnmctric loadingof thecarlicr.

]!xtrcnw Anten,na~ooling

lixtrcmc cooling of the antcnrra was proposed to reduce the

bending moment-induced stress on the receptacle lower

surfaces and to transfer pre-load stress totllccasier-sl i(lirlg

upl)cr surfaces. If the coolillp, produced sufficient tower

contraction with respect totheroom  tcnlpcraturc  assembly

condition, the stc)red strain energy i!) the stuck ribs would

free thcm. ‘1’hc coolingwas  acconlplishcd by tur-ningthc

S/~ 16S0 so that tl]calitelll~a points toclccj~s~~acc, andthc

t]t]sshaclc c)bslttlctstltc  Sun f~om directly illunlinatirrgthc

antctma. “I’hcfirst cooling turn waspcrfornml on July 10,

1991 at a hcliocelltlic  distat]cc  of l.&l A(J, P1-ior to the

turn, ana ly t i ca l  prcdic.tions were pcrfor[licd  with a

simplified version of }lCiA thcrnlal math model which was

dcvclopcd by the }Iarris Corporat ion.  origi[lally,  this

mode] was intended to support the VcnLIs  trajectory redesign

effort’, and its usc for other purposes had to bc carefully

considered. Iixtcnsive revisions of the rnodcl were not

undertaken so that responses would bc timly. Instead, a

bounding analysis was performed to determine expcctcd

alltcnna tenqjcraturcs. I’he most optilnistic  (coolest)

tcmpcratums were determined by removing the Sun-pointed

cnvirolimcntal heating. (h the other hancl, the hottest

ten~pe.raturcs  wrm co]!iputcd  by setting, tbcbus shade as a

boundary tcmpcraturc. ‘l”he systcm-level SI’V test was

corductcdi  nthe  Sun-pointcdcon  ditionat 1.OAU  whcrcthc

busshadc  isillun~inate dontheantennasidc.  I’ernpcratur.cs
of the ~]oll-illur]~illatccl side WCIC USCCI  as the boundary

temperature. Pre-mancuvm tower spatial temperature
predictions arc S} IOWII in 1’ig. 7  (prcdic.tions will bc

considerc.d as direct results from the rnodcl whereas

cstilnates refer to calculations resulting from applying any
judgclllcnt  to predictions).

A simple. or~c-dit~~e.[~sio]]al  thermal contraction model was

dcvclc)ped. ‘J’hc  tota] towcrcontractioll  wasdetclrnincd  as

1 ..-A. .._._‘ 2 0 0- [ C o l d  -biowd  pfedict
I

- 2 0 0
----- \

-230-1
0

‘ I -230
1’0 2’0 3’0 4’0 5b 66 7’0 8’0 9’0 1(30 110

Distance f rom bus  intorfaca, Inches
l“igurc 7- Cooling turl) #1 tower tcmlpcrature  prcdic.tions

-s.



the sum of thermal displacements of each tower elc]nc]d

flo]n the antrmna huh to the ~l{M.  Sillcc the thermal math

model did not represent all tbc clcmcnts in the contraction

Inocfcl, ccrtaill intcrlmlatiolm of the temperature predictions

welt requimt.  Systctn-level S1’V  tcs[ clata was rtsccf citbcr

to vctify 0] assist it] the formulation of i]lteq~olation

expmsiom.  LJsing the thermal math model tcmpcl  aturcs,

tower cent ract ion bet wecn 59 ancl 92 roils was predicted,

an(l rib rc.lease appeared possible.

On July 10, 1991, the S/~ was pc)illtccl 165° off-Sun. I’hc

total rturation at attitude, 32 hours was constrained by the

illumination of S/~  components such as the Pi obc that were

never intended to be sunlit. llowcver,  flight data indicated

that steady-state was nearly achieved although nom  of the

stuck ribs rclcascd, In addition, flight data indic.atcd that

the antenna tower temperature was much more biased
towal d the hot predicted tctnpcrat urc levels (see I Jig. 7).

l;ollowing, the first cooling turn, the flight tower

tctnpcra[ure profile was approximated by varying the bus

shade hounrtary  temperature of the analytical model until

hcttcr ag[ccnmt with fli~bt data was obtained (we I’ig,. 7).

‘t’hcsc tc]upe]  at urc est imatcs were inserted into the tower

ccmtt-action model and calculations suggest that 68 roils of

contraction was actually attained.

Ihring the first turn, a three watt  thermostatically

ccmlrollcd heater was active on the PWS SCT in order to

maintain acceptable temperatures. }~uriher analytical work

indicated that this heater power dissipation could be
rcs[}ollsible  f o r  t h e  warmm than expected mid-tower

tempcrat urcs. “1’hc analysis suggested that an additional

elc.vcn roils of contraction could bc obtained if the PWS
S(:1’ heater were completely tut-[lcrf off. IIowcvm, a peer

review board remained skeptical that such a large benefit

woul(i  be real iz.cd. A second coolitig turn was performed

on AUF,US[  12, 1991 at a heliocentric distance of 1.98 AU,

since the prior actual tower contraction appeared to be close
to what might cause rib release. l’he cxpcticnce gained

from the first turn such as bus shade temperature and PWS

heater state was used to determine more accurate antenna

telnpcraturc  estimates for the second cooling turn which arc

F,ivm in I;ig,. 8.

When the second cooling turn was performed the PWS S~P

heater was tunled off and the dwell time was increased to

50 h o u r s  af(er  a  w a i v e r  to pcr{tiit a higher P~obc

tcnlllclaturc was granted. U1lfortullatcly,  there was no

indication of rib release, (comparison between predictions

and flight tclem[ry showed better correlation, however, the

mirt-tower temperatures still showed the greatest clisparity

(see I’ig.  8). Processing the flight data in a similar manner

to the first tunl,  an additional 2 roils of co]lt[ac,tion over the

first cc}olitlg turm was aclual]y achicvcd. Anotlmr  cooling

turn was planned, but it was ctcc.idcd to schedule the turn

wlmc the cooling effect woulrl be most cffcctivc. Ihlc  to

the nature of the. trajectory,  the S/~ would rcacb aphclior]

(2.27 AU) on I)cccmbcr 13, 1991 as shown in }’ig. 3.

}Ie.ncc tbc tur]l  was scheduled fol this time.

l’hc analytical model was not satisfactorily predicting

mid-tower tmpcratures, which was causing largcl -than-

actual tower contraction estimates, Pt ior to the third
cooling tunl, an modest effort was ulldet lakcll to improve

Inid-tower predictions. ‘l’he bus shade was changed from

a boundary node to a diffusion noclc, but wl]cn an empirical

effective .ctllittanee  was sized to produce mid-tower

temperatures that agtcc with flight data, a non-credible
value resulted. LJSC of typical blanket cffcctivc cmittallces

resulted in temperatures similar to those calculated with the
bus shade as a boundary node. Cabling and wave p,uide

concluctallecs were imported from the detailed IIarris

Corporation thermal model, but only incremental benefits
were real imd. A decision was niadc to forego the bus

shade slid cabling/wave guide conduc.fallcc  improvements

since they were not significantly improving tower

tcnl])crat  urc preclict  ions. }iurthcl more, investigating the

effect  which is causing the mid-tower tcmpcraturc

discrepancy would be difficult and titl]c-collsL]tl~il~g since the

.
1lo-
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Figure 8- Cooling turf) #2 tower tcllipcraturc predictions

-6-



20 -

0-
-20

p 40 --(

p- (0
3
~ -80-

8
~ -

1 0 0

b- -120

1 4 0

-160

- 180 1

1
?0

-o
A  Fl,  qht  doto - -70

4 0---- .
A

_ _ \

- 6 0

- -80

)

kewsed  TMM  predict) 1 0 0

120

d

. / ”  - j :
:;;

,1111 .rrlll - 1 8 0

0 10 20 30 40 50 ~0 70 80 90 100 110
Distanco from bus Interlace, inches

Irigurc 9- ~ooling  turn #3 tower temperature predictions

heat ftmv is small in the cooling turn cnvitonmcnt.  Many

heat paths which have been neglected in the “hotter”

Sun-pointed orientation, which was the initial design

cnvironmcllt,  may no longer be ignored for the cooling, turn
attitude,

PI c-cooling t um #3 antenna tower predictions wet c
pcrformc.  d, but tllc tmnpcrat  ures were modiflcd based on

the prior two cooling turn flight data (SCC I;ig. 9).

1 ;s1 imatcs of tower cent ract ion indicated that 72 rnils would
bc obtained. When the third cooling turn performed, none

of ribs were freed, and flight data suggested that indeed 72
]nits  of contraction was achieved. 7hc two prc~ious

cooling turn flight data enabled the team to estimate a more

realistic tower contraction without an exhaustive effort to

inqmwc  the analyt ic.al model.

llo_.w.atk:uLmJ X?!.h.!m

While the cold soaks of the antenna were performed, the

irlvcstigation  team began to formulate another strategy for

freeing the stuck ribs. l’here was a possibility that the pins

may be misaligned with their receptacles by 10 to 15 roils.

C)nc pin may be pushing up on its receptacle while the other

one is pushing down on its receptacle. When the retaining
rib spoke was tensioned prior to launch, a locking taper

COUICI  have been c.reatcd. The strength of the lock depends

on the nlisalignmcnt  and coefficient of friction at the
pin/rcccptaclc  contact locations. Analysis inrticatcd that the
pins might be “walked” out of the taper lock by alternately

mpanding  and contracting the antenna tower by thermal

cycling. I’hc warming and cooling of the antenna tower

-1-

could significantly displace the tower- with respect to the

ribs, thus shif[ing  the load between the pins. When the

tower is  warmed,  i t  cx~]ands, thereby crcat ing an

“upstroke,” and similarly a “clownstrokc” is created by

tower coc)linp,. (3II tbc upstroke, the load illcrcasm on the

“lower” pin and it bccoJnc.s  a fulcxum  around which the pin

pair rotates. When the load on the “upper” pin dccrcascs

sufficiently, it slips outward on the rcccptac]e surface until

a ncw load equilibrium point is reached. On the following

downstroke, the pin pair tcvcrscs  roles, and the “lower” pin

slips. Incrcmc[ltally, the pins reach the point where the

lock has been relieved so that the deployment stt ain energy

in the rib overpowers the friction force which restrains it.

l’hc hypothesis is based on the pin misalignment and

coefficient of friction which are not precisely known.

For the cooling portion of a thermal cycle, the previous
165° off-Sun attitude was retained, but an optin]al  warming

attitude. would have to be dctmnined. “1’hcrmal  model

improvement was necessary since the sinq~lificd analytical

]Imdcl could not accurately determine off-Sun heat loads.

Originally, the rib geometry was dcvclopcd by constructing

three adjacent ribs and then scaling the results to represent

all cip,htecn ribs. ‘1’hc S/~  is spin-stabilized, and the model
was originally utilized for Sun-pointed oriclltations.  Such an

approxin]ation  scmcd valid. I IOWCVC.I-,  modeling all ribs
would be mcessary  to determine more accurate off-Sun

heat ing. Absorbc.d  antenna heating rates for 0“ to 90° off-

Sun pointing were computed with the inlproved model.

IIowever, t h e  n~olybdemu~i~ mesh was neg lec t ed  a s
previously assumed. A parametric analysis was performed
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to dctcrminc  the tower displacement as a function of off-
Sun angle for solar distances of 1.0, 1.6 and 2.25 ALJ (see

Iii$,. 10). An off-Sun angle of 50’ produces maximum
tower expansion, however, this angle was not sclcc.tccl for

the warming atti[udc. Shortly after the initial deployment
attempt, the S/C was turned 45° off-Sun for 24 hours in

bopc of warming the antenna near room tcmpcraturc  to

rclicvc pin prc-load. Since the command sequence for

turning the S/~ 45° off-Sun had been already developed and

the tower expansion difference bctwccn off-Sun angles of

45° and SO” was incremental, 45° was sclcctcd  for the

warltjing turn off-Sun angle.

Since {hc pin walking theory is based on the cunmlalivc

effect of cycling the antenna, the tower displacements for

all previous tunm included the rcturl) of the antenna to the

nominal Sun-pointed orientation. Using these displac.emc.nts

afd  reasonably expcctcd values for pin misal ignrncnt and

coefficient of friction, computer sirnulat ions of pin walking

suggested that the ribs might be freed with six to twelve

thermal cycles. A thermal cycling regimen was established

and antenna tower displacements for the campaign were
estimated as functions of calendar year. Cooling, turil

results had factored in the previous expcricnccs,  however,
no SLICII an cxpcriencc base for warmirlp,  tul m had been

credibly established. l’hercforc,  warming turn predictions

were directly reporled, I;ig. 11 depicts the tower
displaccnmmt  for the proposed thcrll]al cycling strategy.

‘l’he off-Sun angles used for thermal cycling were not

originally pmnitted at these solar distances. A great deal

of effort was expended to ensure the health and safety of

the S/~,  I’he 16S0 maneuvering of the S/~ consunmt  -5

kg of ]mopellant, a precious rcsourcc.

I’hc three previous cooling turns constituted the first phase

of thermal cycling, From Janua!-y through July of 1992,

four additional thermal cycles were performed. “l’he tower

displacenmrts  suggested by flight data for t}mc cycles are
plotted irl Fig. 11. l’here was an excellent agrccmcnt

bctwccn  the predicted ancl flight tower tempcraturm  for the
warming portion of the cycle. ‘1’he previous cold soaking

cxpcrierm  had led to better predictions for the cold portion

of the cycle. After the seventh thcrlllal cycle did not result
in rib release, [he prospect for frcci[lg any ribs with

additional cycling sccnlcd wry remote, Either  the values

-8-



‘1’able 2  -  S u m m a r y  o f  N e a r  ltarth-2  Iilyby I’owcr
l)isplaccnmlt  }tstima(cs
~ . .. ——.. —.. ——. ——.  —.. ——-...  .——-

Solar I)istancc Sun-pointed 45” off-sutl
(A(J) l’owcr  Al ‘1’owcr Al

(nlils) (rnils)
-.. . ——.———...—....—....———-—. . . .. —— -

0.986 -4.4 11.5

1.03 -7.3 8.1

1 .0-/ -9.8 5.3

Note: Al > 0 indicates tower c.xpansion  and Al < 0
indicates tower contraction

for the dorninan~ parameters WCIC too cxtre.rne or the

nvxhanism  rcspmlsiblc for rib restraint was not well

charactcri~cd.

Dgloymcnt M_Qol.Har!}!mrj!]g

‘f”hc.  most aggressive action entailed pulsing the deployment

motors many times to “hanuner”  the balkcrew. The

“hamrncring”  is achicvcd  by cycling power on and off to

the deployment motors. Motor pulsing tests conducted with

the spare flight IIGA at J1’I, demonstrated that the ballscrcw

rotated beyond the stall point for the motors operating
continuously (provided that the n~otors and gearbox

te[npclalures arc greater than approximately OO~).

l:stinlatcs  indicated that hammering the ballscrew would

rotate it sufficiently to double the dcploylncnt force in one

of t}lc ribs. As each rib releases, the deploy nlent forces arc
conccl]trated in the remaining stuck ribs. Suhscquellt

hammering coutd produce larger forces as the nurnbcr of
stuck ribs ditninishcs.

In prcj~ara[ion for the hanuncring  excrciscs at 1.0 ALJ,

special activities were pcrforn~cd  in July, Scptcmbcr,  and

Octobcr of 1992 to characterize the S/~ thermal response

at a 4S off-Sun angle, as well as to calibrate. and
charactcri?c  the de.ployrncnt  system. Analysis performed in

July 1992 cstirnatcd  the n~otor temperature as a function of
solar distance for a 45° off-Sun attitude (see Fig. 12). At

that tirnc, three of the four- warming turns had been

conducted at essentially the sanle solar distance., hence the

warlning, turn flight data base for the motor consisted of just
two cases (1 .S8 AU and -2.20 A{ J). }ixtrapolation  of this

ciala was accomplished by curve fitting  motor kmpcraturcs

for the Sun-pointed contrition and off-scttilig  the Sun-
pointcd ttxl~pcraturcs  by analytically predicted tctnperaturc

diffcrcrrczs  prcdictcd bc( wccn Sun- poinl an~i 45° off-Sun.4

I“hc S/C had not bccil pointed 45° off-Sun for lengthy

dulations  inside of 1.58 AU. Concerns were cxprcsscd  that

ccrlain S / C  elclncnts ]nay o v e r h e a t . A thermal

character i?,ation effort was per fortllcd to ensure the thermal

hcal[h of the S/~ during the 45” off-Sub turll at 1.0 A{J. In

concert with the overall c. fforl, a contingency analysis was

undertaken to determine if more bcnig,n off-Sun angles
could bc considered with nlinor impact to hammer

effectiveness. l’hc 45° off-Sun estilllatcs showed that the
dcploytncnt motors would attain 5 IW at 1.0 ALJ. Results of

this study demonstrated that the motors would achicvc 44°C

and 4YC for off-Sun angles of 20” and 30”, respectively at

1.0 AU. l’hcsc angles would bc acccptab]c altcrl)atives for

warming the nlotors above room tcnqmraturc.

hr oc(obcr  1992 and at a solar distance of 1.30 ALJ, the
S/~  was t urllccl 45“ off-Surl  fol- about 48 hours and the

dcployn~cnt niotors were pulsed on atld off a fcw times.

};]ight data was in cxce.]]cnt ag,rcetncnl with the lilOtOr

tcrnpcratur-c  estimates (SCC ]iig. 12, 111.>A3). ]n addition,
there were no adverse thtmnally-induced S/C problems,

therefore, the off-Sun warming angle of 45° was used.

I’hc motor hammering provided a n~carts to incrcasc rib

1,0 1 . 5 2 . 0 2, 5 30 3. 5 4 . 0 4 . 5 5. 0

Heliocentric distance, AU
Figure 12- I)eployment motor tcrnpcrature  as a function of
solar distance
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dcploy[tmtl  forces. Since t}Ie nmlor ban]nicring  activities
WCrC  SCbCdllkd  for  (Jdik)’s  final liarth f l y b y ,  towCr

cxpansicm would bc significant, 31]erc was a possibility

that the rib -binding xncchanisrn  may aba[e with increasing

tcnvcr expansicm and free the ribs as tbc S/~  approacbcd

1.() AIJ. Aciclitionally  tower displacelncnt  analyses were

pcrforlned m assist (}IC  Earth flyby planning, ‘l’he  flyby

solar distance was 0.986 AIJ and hammering activities were
pmforjncd at 1.03, 1,07, and 1.10 AIJ. “1’hc  thermal IIIoricl

pre{iie.tio]ls which produe.cd  F’ig.  11 were c}~ang,cd  s]igb!ly

usinF, flight data cxtralmlaticms  from the first warmirlg  turn

at 1.58 ALJ. ‘1’hc tower displacmwmts  for Sun-pointed and
4S0 off-Sun arc summarized in “1’abk 2. ‘1’owcr
displatxmcnts  at 1.10 ALJ were determined to be 7 and 8
roils less than 0,986  ALJ for Sun-pointed and 45° off-Sun,
rcsl)cclivcly.

lirorn late-l)ccembcr 1992 to n~icl-Jarnrary  1993, the

dcploylncnt  motors wcr-c  pulsed over 13,000 tintes while tltc

SIC was 45° off-Sun. Again, flight data of motor

tcrnpcraturc was in cxcellcnt agreement with prc-hamrllcri]tg
cstirnatcs (SCC l’ig,. 1 2 ,  III)A5 a n d  I)I)A5C3.  A]though

flight tclcn~c[ry  indicated that the antenna rib configuration
had changed, the stuck ribs had not been freed. IIy the crlri

of I;cbruary  1993, the invcstigat ivc team was dissolved, and

tbc  Projcc.t  procecdcd with the implcrncntation o f  n c w

capabilities to perform the n~ission with the I GA in

accordance with plans established in April 1992. At Icast
70% of the mission objectives will bc achievable using the

1.GA.

j~pil~gu~

An intensive effort was performed to thermally characteriz.c

t h e  antcma and tbc S/ ( . Initially, correlation for the

cooling, turl~s was lacking. }Iowcvcr, with additional flight
cxIwricrlcc,  the predictive capability improved substantially.

‘1’hc ar]alytical model, itself, has evolved over the course of

time, wbcrc it has demonstrated good agrectncnt with flight

data cspccialty for warming turms and Sun-pointc.d  attitudes,
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